Abstract. In existing particle dry deposition schemes, the effects of gravity and surface roughness elements on particle motion are often poorly represented. In this study, we propose a new scheme to overcome such deficiencies. Particle deposition velocity is a function of aerodynamic, 10 surface-collection and gravitational resistances. In this study, the effect of gravitation settling is treated analytically. More importantly, the new scheme takes into consideration of the impacts of roughness elements on turbulent particle diffusion and surface particle collection. A relationship between aerodynamic and surface-collection processes is established by using an analogy between drag partition and deposition-flux partition. The scheme is then tested against a wind-tunnel data 15 set for four different surfaces and a good agreement between the scheme predictions and the observations is found. The sensitivity of the scheme to the input parameters is tested. Important factors which affect particle deposition in different particle size ranges are identified. The scheme shows good capacity for modeling particle deposition over rough surfaces. 20
1: Introduction
Particle dry deposition, the removal of particles from the atmosphere to the surface in absence of precipitation (Seinfeld and Pandis, 2006) , can be divided into several sub-processes, including turbulence diffusion, surface collection and gravitational 25 settling (Droppo, 2006) . The inferential method is widely used to estimate particle deposition flux in terms of particle concentration and deposition velocity (or its inverse, the resistance) (Sehmel, 1980; Slinn, 1982; Hicks et al. 1987; Wesely and Hicks, 2000; Raupach et al. 2001; Zhang et al. 2001; Petroff and Zhang, 2010; Seinfeld and Pandis, 2006; Kouznetsov and Sofiev, 2012) . The effects of the 30 sub-processes are represented with the corresponding resistances, i.e. turbulence diffusion, surface collection and gravitational settling are respectively related to the aerodynamic resistance, surface collection resistance and gravitational resistance.
Deposition velocity, defined as the ratio of particle deposition flux and particle concentration is a quantity which describes the joint effect of the above mentioned 35 resistances. 2 The usual approach to estimating deposition velocity is in analogy to electrical circuits: deposition velocity is considered to be the inverse of the deposition resistance which comprises of the contributions of the aerodynamic and surface collection resistances in series and the gravitational resistance in parallel (Hicks et al., 1987; Seinfeld and Pandis, 2006) . Slinn (1982) deduced an analytical expression for particle 5 deposition velocity over canopy surface based on the particle concentration equation.
In his approach, the gravitational effect was not considered at first but then added to the result.
The existing deposition-velocity approach has two deficits. Firstly, while the 10 gravitational resistance is often treated as a resistance in parallel to the turbulent diffusion resistance, gravitational settling is not driven by concentration gradient and the settling process cannot be expressed in an electrical-circuit analogy. More specifically, the usual treatment of gravitational settling as a parallel resistance (Slinn, 1982; Zhang et al., 2001; Petroff and Zhang, 2010) , including the modified version of 15 Seinfeld and Pandis (2006), does not satisfy the particle mass conservation requirement (Venkatram and Pleim, 1999) . Secondly, the collection of particles by the surface is normally described based on the studies of particle deposition on isolated collector (Petroff et al., 2008) . Kouznetsov and Sofiev (2012) reported a more detailed scheme for particle dry deposition, but the parameter of 'collection scale' they 20 introduced does not have a clear physical interpretation and is thus practically difficult to determine. In particle deposition schemes, the typical size of the surface collectors is often the only parameter used to for the characterization of the surface, which is insufficient for rough surfaces. 25 The deficiencies of the existing particle deposition schemes are clearly revealed in our recent comparison of the Slinn and Slinn (1980, SS80 hereafter) , Slinn (1982, S82 hereafter), Zhang et al. (2001, Z01 hereafter) and Petroff and Zhang (2010, PZ10 hereafter) with the wind-tunnel observations, as described in the companion paper by Zhang et al. (2014) . The results of the latter study are summarized in Figure 1 which 30 shows that the performances of existing deposition schemes are unsatisfactory, especially for rough surfaces (e.g. surface with plants). Considering that the Z01 and PZ10 schemes are based on field observation data sets and their model coefficients may have included the effects of certain factors (such as atmospheric convection and complex surface conditions) which cannot be well simulated in our wind-tunnel experiments, we will use SS80 and S82 as reference schemes in this study. As shown in Figure 1c , the model-observation discrepancies can be reduced by tuning some 5 input parameters of S82, but the tuned parameters are physically unrealistic.
In this paper, a new parameterization of particle dry deposition is proposed. The deposition velocity is derived from the particle concentration equation with a boundary condition which involves the surface-collection process. The relationship 10 between surface momentum flux (drag) and deposition flux is established by combining momentum depletion and particle collection. The drag partition theory and its parameterization are introduced to describe the surface-collection process in the new scheme. The effects of gravitational settling and surface collectors over a rough surface are now adequately dealt with. Finally, the new scheme is validated by the 15 measurements of the wind-tunnel experiments as described in Zhang et al. (2014) .
2: Parameterization scheme for particle deposition

Assumptions
20
We firstly introduce the assumptions for the new scheme. Following Raupach (1992) and Shao and Yang (2005, 2008) , we consider a rough surface to be a flat ground surface superposed with roughness elements (rocks, trees, buildings etc.) as illustrated in Fig. 2a . The roughness elements are assumed to be uniform in size and randomly distributed on the surface (Fig. 2b ). The flow and particle fields over the surface are in 25 steady state and horizontally homogeneous.
The atmospheric boundary layer is divided into two parts (Fig. 3) . The upper part is the transfer layer, in which particle is transported mainly by eddy diffusion and gravitation settling. As particle concentration is in steady state and horizontally 30 homogeneous, the particle deposition flux, F d , is vertically constant and obeys the following equation (Shao, 2008) :
where c is particle concentration, k p particle Brownian diffusivity, K p particle eddy diffusivity and w t the particle terminal velocity. F d is upward positive.
The lower part under the transfer layer is the collection layer with thickness of
where h c is the roughness element height and δ the thickness of the laminar layer over the roughness elements. The laminar layer may be broken at the top of the roughness elements and h c is usually much larger than δ. Therefore, in general, the thickness of the collection layer is h c for a rough surface and δ for a smooth surface. 
with the boundary condition
where r a is the aerodynamic resistance accounting for the particle diffusion, given by
r s is the surface collection resistance, and r g the gravitational resistance defined as the inverse of particle terminal velocity, i.e. 
where α is a dimensionless coefficient and σ the standard deviation of the turbulent velocity. In this study, α is taken as 1 and σ as friction velocity u * . The expression of 10 K T is normally found as (Seinfeld and Pandis, 2006) ) (
where κ is the von Karman constant, and z d the zero-plane displacement height, φ a stability function,
and L the Obukhov length. 15 An integration of Equation (5) yields
For neutral atmospheric boundary layers, 1 φ = . Then we have
for smooth surface (9b) 20 where B 1 is an empirical constant determined by the airflow characteristic over the surface. The term B 1 ·Sc T is set to 0.6 for SS80 and 1 for Zhang et al. (2001) . In this study, the value of B 1 is estimated to be 0.45, based on the wind-tunnel measurements of Zhang et al. (2014) .
Gravitational resistance
In the Stokes regime, r g can be calculated as
where g is the gravitational acceleration and
is the particle relaxation time. C c the Cunningham correction factor which accounts for non-continuum effects when calculating drag on small particles, D p particle 10 diameter, p ρ particle density and μ air viscosity.
Surface collection resistance
The surface collection resistance is the essence of the lower boundary condition for solving Eq. (1), which is given either in form of the deposition flux or particle 15 concentration at the surface. As the rough surface is considered to be a smooth surface superposed with roughness elements (Fig. 2) , it comprises upward facing areas (ground and roof of roughness elements) and the side areas of the roughness elements.
The deposition flux can be thus partitioned to several components which correspond to the deposition fluxes to these areas, similar to drag partition. By doing so, a 20 relationship between the particle flux partition and drag partition can be established and the drag partition theory enables the estimation of the surface collection resistance.
In analogy to drag partition theory (e.g. Arya, 1975; Raupach, 1992 and Shao and 25 Yang, 2005 , 2008 , the deposition flux can be split into three parts:
where c d F , is the particle flux due to particle collection by the roughness elements (collectors), Per definition, the force exerted on roughness elements (pressure drag) can be 5 calculated as
where d C , the drag coefficient for isolated roughness element, is approximately 0.3 (Shao, 2008) , ρ a air density, λ the frontal area index ( ~ d c h c ) of the roughness elements and u a the air horizontal speed. Similarly, the particle flux due to particle 10 collection by the roughness elements can be expressed as
where c is particle concentration and E particle collection efficiency of isolated roughness element. 
where τ is the total shear stress (or drag) on the surface. The element collection 20 efficiency, E, represents the collected fraction of all particles initially moving on a collision course with the roughness elements. It consists of the contributions of Brownian motion, impaction and interception, i.e.
where B E is the collection efficiency caused by Brownian motion and can be 25 estimated following Petroff et al. (2008) :
where
is the Schmidt number with ν being the air kinematic viscosity and p k the particle molecular diffusivity. Re is the roughness element Reynolds number. B C and B n are parameters depending on flow regimes as shown in Table   5 1.
im E is the impaction efficiency due to particle collection on roughness element.
Following Petroff et al. (2008), we have, Fitzgerald (1975 ) or Gerber (1985 . Later, the subscript δ is introduced (e.g. , Slinn (1982) considered that: in addition to the size of the roughness element, the micro roughness characteristics (i.e. the characteristics of the roughness element surface, e.g. hair on plant leaves) are also important for interception. Our wind-tunnel study (Zhang et al., 2014) shows in E is also enhanced by friction velocity, u * . In summary, it is appropriate to propose that 25 , * 2 10
According to the definition, interception describes the behaviors of particles which can follow the airflow well. The term
is introduced to correct the deviation from this requirement, and it approaches 1 for particles of small inertial. To account for the effect of micro-roughness characteristics, the term * u A in is introduced, with A in being an empirical parameter related to the micro-roughness characteristics, e.g., 5 the ratio of hair size to roughness element size.
Particle deposition to the roof of roughness element and the ground surfaces is caused by the mechanisms of gravitational settling, Brownian diffusion and impaction, thus we have 15 The gravitational settling fluxes can be calculated as
where η is the basal area index (fraction of cover) of the roughness elements. The terminal velocity of particles near the surface, , t w δ , is calculated as
Brownian diffusion is another important mechanism responsible for particle (especially very small particles) to move across the laminar layer. This process of particle transfer is closely related to momentum transfer. Particles, for which 25 Brownian diffusion is effective, usually do not rebound from the surface (Chamberlain, 1967) . For these particles, the surface particle concentration, c(0), can be assumed to be zero. We therefore have
A combination of (23a) and (23b) leads to
According to the drag partition theory, the drag on the ground surface is 
According to Eq. (4) and taking account of the rebound effect, the surface collection resistance is found to be 1 3 1 , ,
where ( )
10 with b being an empirical constant of about 2 (Chamberlain, 1967) . In the studies of Giorgi (1988) and Zhang et al., (2001) , b is set to 1. In Eq. To sum up, the parameters used in the new scheme are organized and shown in Table   10 2. In comparison to the existing particle deposition schemes, the new scheme appears 
3: Validation
20
For validation, we test the new scheme for four different surfaces studied in the wind-tunnel experiment of Zhang et al. (2014) . The values of relevant parameters are listed in Table 3 . The predictions of deposition velocity as a function of particle size are compared with the wind-tunnel measurements and the results of the SS80 and/or S82 schemes (Fig. 4) .
25
For the sticky wood surface, roughness elements are absent. Particle collection is realized through impaction, Brownian motion and gravitational settling. Particle rebound should be very low for the stickiness of the surface. As shown in Fig. 4a , the new scheme well predicted the wind-tunnel observations and performed better than the SS80 scheme. It should be pointed out that due to the limitations of the measurement device (the PDA) used in the wind-tunnel experiments comparison can 5 only be made for particles bigger than 1 μm.
The sand surface is used as the second case to test the new scheme (Fig. 4b) . The difference between the sand surface and the sticky wood surface is the presence of the sand particles (act as roughness elements, although their sizes are small) not only 10 enhances turbulence over the surface but also improves the surface collection efficiency. In our scheme, the size of the elements is taken to be the average diameter of the sand particles (D sand = 0.2 mm) and the element height half that diameter (i.e., We also tested the new scheme for the water surface. As shown in Fig. 4d , if particle 5 size growth due to high humidity near the water surface is assumed (RH=100%), then the predicted deposition velocity with the SS80 scheme can be made to match the experimental data. However, this good agreement is for the wrong reason: the fused silica particles used in the experiments are not hygroscopic, to which the particle growth theory (Fitzgerald, 1975) does not apply. On the other hand, it is incorrect to 10 treat the water surface under windy conditions as a smooth surface because of the bubbles and spray droplets caused by the hitting of the water waves on the wall of the trays used as water containers in the experiment.
The new scheme allows a better description of particle deposition on the water surface over the water surface behave like hair on plant leaves, and we therefore set A in =100.
Using the wind field parameters derived from the wind-tunnel experiments, the deposition velocities for different particle sizes are calculated. The results shown in Fig. 4d confirm the good agreement between the scheme predictions with the experimental data. We have shown that the enhanced deposition over the water 25 surface is indeed not due to particle growth, but due to the enhanced collection capacities of the water surface caused by waves, bubbles and spray droplets.
4: Sensitivity analysis
The main advantage of the new scheme is the improved capacity for parameterization 30 of particle deposition to rough surfaces and the results shown in the previous section highlighted this capacity through comparison with the wind-tunnel observations. As the scheme performance depends on the certainty of the input parameters listed in Table 2 , it is important to examine the sensitivity of the scheme to these parameters and to identify the most influential ones. Table 2 shows that particle deposition depends on particle properties (size and 5 density), aerodynamic conditions (friction velocity, roughness length and zero-plane displacement) and surface characteristics (roughness element height, frontal and basal area indexes). These parameters are not all necessarily independent, because roughness length and zero-plane displacement are functions of the surface characteristics (Shao and Yang, 2005, 2008) . 10 We first consider the sensitivity of particle deposition to particle properties. The typical behavior of the deposition velocity as a function of particle size is as shown in settling. Particle deposition is negligible for particles in the range from 0.01 to 50 μm, because they are too big for Brownian diffusion and too small for gravitational settling. Normally, the minimum deposition velocity occurs in the range from 0.1 to 1 μm ( Fig. 4a and 4b ), but the enhancement of interception shifts this range to smaller particles ( Fig. 4c and 4d ).
20
Particle density influences gravitational settling and the processes related to particle inertia, such as impaction. We take particle density from 1000 to 5000 kg m -3 to extend the application of the scheme to some special aerosol, such as heavy metal aerosol. As shown in Fig. 5a , particle deposition is not very sensitive to particle 25 density, because the variability of particle density only slightly affects the deposition of particles larger than 5 μm via the modification of gravitational settling.
We now examine the sensitivity of the scheme to aerodynamic parameters. Friction velocity is an aerodynamic parameter which influences the entire deposition process 30 from turbulent diffusion to surface collection. As shown in Fig. 5b , the influence of u * is predominant for particles smaller than 10 μm, for which the deposition depends strongly on turbulent diffusion. An increased friction velocity also improves the surface collection due to impaction and interception and hence results in a noticeable enhancement of deposition for particles between 0.1 and 10 μm.
5
Then, we consider the sensitivity of the scheme to surface characteristics. Roughness element size affects the surface-collection efficiency and two parameters are used to describe the surface characteristics in the new scheme. One is roughness element diameter, d c , and the other the micro-roughness parameter, A in . Micro-roughness features, such as hair on the roughness element, enhance the surface-collection 10 efficiency due to interception (Chamberlain, 1967; S82) . For a certain micro-roughness feature (A in = constant), the influence of d c can be readily analyzed.
As While c d is usually too large to affect interception, the influence of in A is 20 significant and most profound on the deposition of particles in the size range of 0.1 to 10 μm (Fig. 5d) .
The parameter R describes the rebound probability when a particle collides with the surface and particle rebound may reduce surface collection effect. As shown in Fig. 5e , 25 the influence of R on particle deposition is not obvious. Only for coarse particles larger than 5 μm, the deposition velocity slightly decreases with increasing R.
Roughness element frontal area index is a parameter used to describe the element distribution on the surface, which is also employed in the drag partition theory. We 30 now test its influence on particle deposition. As shown in Fig. 5f , deposition velocity first increases, then decreases with increasing frontal area index. The influence is apparent for particles smaller than 50 μm, especially for particles in the range of 0.1 to 1 μm. Fig. 5f suggests that in case of small frontal area index, the roughness elements make the surface rougher and enhance the surface collection, but as the number of roughness elements further increases, the surface becomes again smoother and the 5 surface collection efficiency is decreased.
6: Summary and discussion
A new particle deposition scheme is proposed by adequate treatment of the gravitational settling effect and by taking into account the impact of roughness 10 elements on turbulent diffusion and surface collection. The relationship between the aerodynamics and surface collection process is established, and the effect of the roughness elements on particle deposition is incorporated in the scheme by using the analogy of deposition flux partition to drag partition. Also, a modified expression for interception is proposed to account for the micro-roughness effect of the elements.
15
The new scheme has been tested against the wind-tunnel experimental data and good agreement between the scheme predictions and the observations is achieved. A new and more realistic explanation based on the new scheme is proposed for the enhanced particle deposition over water surfaces, i.e., water surface under windy conditions 20 should be treated as a rough surface due to waves and spray droplets. We have
however not yet validated the scheme against field observations. As wind-tunnel data have limitations due to simple turbulence and simple surface conditions, we cannot claim that the scheme is sufficiently and thoroughly tested. Also, we do not claim that our scheme is superior to the existing schemes, such as those of Zhang et al. (2001) , 25 Petroff and Zhang (2010), Kouznetsov and Sofiev (2012) etc. It appears desirable to do a thorough comparison with the other existing schemes, together with the other model developers, against a reliable field data set.
The sensitivity of the new scheme to some of the important input parameters has been 30 tested. It is found that particle density and particle rebound probability mostly influence the deposition of coarse particles larger than 5 μm; the size and micro-roughness characteristics of the roughness elements influence interception noticeably and hence the deposition of particles in the size range of 0.1 to 10 μm; friction velocity affects the entire deposition process and significantly influences the deposition of particles smaller than 10 μm; roughness element frontal area index has a predominant effect on surface collection efficiency and influences the deposition of 5 particles smaller than 50 μm.
While we believe the new scheme has improved the capacity for parameterizing particle deposition over rough surfaces, some questions remain unanswered and future research is required in the following areas.
10
The effect of wind intermittency: in our study, we assumed the wind is steady and the effect of wind intermittency is neglected. But wind intermittency may have a significant effect on particle deposition, including particle transport in the upper layer and particle collection in the lower layer (Fig. 3) . While some studies on the topic 15 already exist, e.g., the treatment of the effect of wind intermittency on aerodynamic resistance by Zhang et al. (2001) and Seinfeld and Pandis (2006) , the influence of wind intermittency on the particle collection process deserves further research.
Deposition on complex surfaces: only surfaces with relatively simple and uniform 20 elements are tested in our study, but natural surfaces are much more complex. For example, how to predict particle deposition to surfaces with multi-size roughness elements is important for regional and global particle models.
Effect of roughness element interaction on element collection efficiency: in analogy to 25 the drag partition theory, an expression for describing the distribution of total deposited particle on different parts of the surface (side area of the roughness elements or upward facing surface) has been proposed in our study. But the collection efficiency of roughness element is evaluated based on the study of isolated obstacle.
The effect on element collection efficiency due to the interactions between the 30 roughness elements remains rather unclear. (Shao and Yang, 2005, 2008) . The particle density is considered as a constant (2200 kg m -3 ) in this study. Table 3 : Parameters for validation of the new scheme for the four different surfaces studied in the wind-tunnel experiments of Zhang et al. (2014) . For all tests, particle density ρ p = 2200 kg m -3 is used. The wind parameters are obtained from the experimental data. 
